processes 9S ribosomal RNA (1) and later was shown to have a multifunctional role in 41 the processing of various other structural RNAs (1,2,3,4), in the global degradation of 42 mRNA (5,6,7,8), the control of plasmid DNA replication (9), and the 43 maturation/processing of a variety of small catalytic RNAs (9,10). Commonly, the 44 cleavage of the targeted RNA by RNase E is followed by digestion of RNase E-generated 45 fragments by other ribonucleases as tightly coupled events (11). DNA sequence analysis 46 has predicted that orthologs of E. coli RNase E exist among dozens of evolutionarily 47 disparate bacterial species (12,13). The ribonucleolytic activity of RNase E resides in its 48 N-terminal half, N-Rne (14), whereas the C-terminal half (CTH) includes binding sites 49 for several proteins that form a multi-component complex termed the "degradosome" 50 (15,16). Although degradosome formation is not essential for E. coli growth (14,17,18), 51 deletion of the CTH has been found to reduce the rate of decay of some RNase E 52 substrates (19,20). 53
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In E. coli, the actions of RNase E are essential for colony-forming ability (CFA) 54 (21), and transfer of liquid cultures of rne ts mutant bacteria to a non-permissive 55 temperature prevents normal cell division and results in the formation of elongated 56 filamentous structures containing connected cell bodies (22) . Multiple studies aimed at 57 elucidating the basis of RNase E essentiality have been carried out (6, 23, 24, 25, 26) . While 58 CFA can be restored to rne deletion mutants by overproduction or mutation of RNase G 59 (6, 24, 25, 27) , an RNase E paralog (2,4) that structurally resembles the amino-terminal 60 catalytic region of RNase E (14), such cells grow more slowly than rne + bacteria and 61 retain the filamentation phenotype characteristic of RNase E-deficient mutants in liquid 62 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from 7 stored at 4˚C or overnight on the bench), bacteria were streaked onto plates containing 131 0.1% L-arabinose from glycerol stock (containing 40% glycerol), incubated at 37˚C 132 overnight, and colonies were picked for inoculations. 133
Plating experiments. For plating experiments, cells were freshly grown from 134 single colony (never grown overnight) to mid-log phase (OD 600 values ranged from 0.3 to 135 0.6) at 37˚C in LB medium containing the indicated supplements and antibiotics. Cells 136 were diluted 10 -4 to 10 -5 and 100 µl of diluted culture was spread on LB or M9 plates 137 containing carbon sources, supplements and antibiotics. The plates were incubated at 138 37˚C for 2 to 7 days depending on the experiment, scanned, and colony number was 139 determined. Different nutrient combinations resulted in different rates of colony growth, 140 and where indicated, the incubation period was extended by up to 2 days to enable 141 colonies to be better visualized. Incubation conditions for each experiment are described 142 in figure legends. The absence of detectable colony formation after 7 days of incubation 143 was defined as a CFA-minus phenotype. CFE (colony-forming efficiency) was defined 144 by dividing the colony number observed under the indicated growth condition with the 145 colony number observed under the same condition when an arabinose-inducible RNase E 146 gene was expressed (26) . 
RESULTS AND DISCUSSION 167 168
RNase E is required for glycolysis in E. coli. We recently reported that a Tn10 insertion 169 mutation in the deaD gene, which encodes an RNA helicase, enables colony formation by 170
E. coli N3433 cells lacking RNase E function (26). During those experiments, we 171
observed that this ability was affected by the carbon source included in the media. While 172 N3433 is the E. coli strain in which RNase E was first discovered and has since been 173 widely employed for study of RNase E essentiality, this strain contains multiple 174 mutations that potentially affect nutritional requirements (i.e., lacZ43 (Fs), relA1, spoT1, 175 and thi-1) and consequently affect the ability of even rne + cells to form colonies 176 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from 9 efficiently on some carbon sources (Fig. S1) ; we thus chose to further investigate the 177 nutritional effects of loss of RNase E function in E. coli strain MG1655, which is 178 prototrophic at the above loci, after confirming that a ∆rne deaD derivative of MG1655 179 (i.e., strain MT2113) forms colonies on LB with 100% colony-forming efficiency relative 180 to cells producing RNase E (Fig. 1A) . 181
As seen in Fig. 1 , in the absence of any arabinose to induce plasmid-borne RNase 182 E, the ∆rne deaD MT2113 strain formed colonies on LB media or on M9 media 183 containing both glucose and a mixture of amino acids as carbon sources; however no 184 MT2113 colonies were observed when yeast extract or the mixture of amino acids was 185 omitted (Fig. 1B) . In contrast, in the absence of any amino acid supplement, strain 186 MG165D, which is an MG1655 derivative containing an intact rne gene but mutated by 187 Tn10 insertion into deaD, formed colonies on M9 media containing any of a series of 188 tested sugars as a carbon source (Fig. S2) whereas addition of a amino acids generated through the TCA cycle did. Moreover, the 194 addition of malate, fumarate, or succinate, which are all TCA cycle components and can 195 generate TCA cycle dependent amino acids, also enabled CFA on M9-glucose (Fig. 2) . the endogenous gene or a plasmid-borne PPC gene (Fig. 3) . As seen, the expression of 206 PPC protein is highly dependent on the expression of RNase E. When full-length RNase 207 E was depleted to undetectable levels by growth in the absence of arabinose, the PPC 208 protein was reduced by 67 to 91%. To determine whether overexpression of PPC rescues 209 CFA in bacteria that fail to produce RNase E, we tested the ability of the MT2114 strain 210 to form colonies on M9-glucose. As seen in Fig. 4 , overexpression of PPC restored CFA 211 to bacteria cultured on M9-glucose medium. No restoration of CFA occurred in the 212 absence of the deaD mutation (data not shown), which is consistent with the previously 213 reported ability of mutation of deaD to suppress the need for RNase E in E. coli cells 214 (26). Together, these findings suggest that while PPC production is necessary for CFA in 215 cells lacking RNase E function, it is not sufficient, and thus that the CFA-promoting 216 function mediated by mutation of deaD is distinct from the PPC-related function. 217
Additionally, adventitious expression of PPC (Fig. 4) did not result in CFA on M9-malate 218 medium, supporting the view that upregulation of PPC alone does not restore normality 219 to ∆rne deaD mutant cells. During these experiments, we noted that although faint 220 plates (see also glucose in the absence of amino acids whose synthesis is dependent on the TCA cycle 233 (Fig. 5) . As the genes expressed from the ftsQAZ operon are not known to contribute to 234 glycolysis or gluconeogenesis, the effect by FtsZ on nutritional requirements of RNase E 235 deficient cells suggests that an additional step in the glycolytic or gluconeogenetic 236 pathway (32,33) is impaired in these RNase E-deficient bacteria. 237
Role of the degradosome in carbon source utilization by E. coli. The C-238 terminal half of RNase E functions as a binding site for multiple other proteins (15); one 239 of these is the glycolytic pathway enzyme enolase, which converts 2-phosphoglycerate to 240 phosphoenolpyruvate (34), which is the cellular substrate for PPC. Interaction between 241
RNase E and enolase normally is not required for propagation of E. coli, as the N-242 terminal catalytic region of RNase E (N-Rne), which lacks the enolase binding site (35), 243 is sufficient for colony formation by rne mutant bacteria (14). As both mannitol and 244 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from glucose are upstream of the glycolytic pathway step that requires enolase (i.e., conversion 245 of mannitol to pyruvate), and combinations of glucose plus pyruvate or mannitol plus 246 pyruvate did not restore CFA to RNase E deficient cells (Fig. 2) , the sugar-related defect 247 in CFA during RNase E deficiency is necessarily independent of enolase. 248
As PPC production is impaired in RNase E deficient bacteria and a component of 249 the RNase E-based degradosome generates the cellular substrate for PPC (i.e., 250 phosphoenolpyruvate), we hypothesized that the presence of a scaffold region on RNase 251 E may affect the carbon source utilization by E. coli cells. To test this notion, wild type 252 bacteria and a deaD + rne deletion mutant strain complemented by either N-Rne or full-253 length Rne were tested for their ability to grow on M9 plates supplemented by specific 254 sugars. As shown in Fig. 6 , both wild type bacteria (Fig. 6A ) and a Δrne strain carrying a 255 plasmid expressing full-length Rne (Fig. 6B) formed normal size colonies on all tested 256 carbon sources except acetate after 2 days of culture on M9 plates. However, Δrne 257 bacteria carrying a plasmid expressing N-Rne [i.e., MT4001(pNRNE4)], did not form 258 colonies on some of the carbon sources that are utilized effectively by full-length RNase 259 E (i.e., fumarate, and succinate), and colony growth on certain other carbon sources 260 occurred much more slowly than was observed for Δrne cells complemented in trans by a 261 plasmid expressing full-length RNase E (Fig. 6C , see also Table 2 ). Thus, while 262 degradosome formation was not necessary for utilization of glucose by E. coli (see also 263 As shown in Fig. 7 , overproduction of the natural form of RNase G restored CFA 280 when introduced into an MG1655 derived ∆rne strain plated on LB media, but failed to 281 enable CFA when cells were plated on M9 containing any tested sugar, except for the 282 combination of glucose and malate (Fig. 7A) . In contrast, His-tagged RNase G enabled 283 CFA with 100% efficiency, not only on LB but also on M9 media containing glucose, 284 pyruvate, malate, fumarate or succinate, indicating that the nutritional requirements for 285 such complementation resemble those of bacteria complemented by full-length RNase E 286 (Fig. 7C) . However, relative to cells complemented by plasmid-encoded RNase E, CFA 287 occurred in ∆rne cells at a reduced efficiency for His-tagged RNase G complementation 288 during growth on glycerol (46% CFE) or acetate (37% CFE) (Fig. 7C) . Complementation 289 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from 14 by the natural form of RNase G was not observed, even on LB, for the N3433 derived 290 ∆rne strain (Fig. 7B) , which as noted above differs from MG1655 derivatives in carbon 291 sources needed for CFA, suggesting that strain differences may account for the disparate 292 results reported in investigations of complementation of RNase E deficiency by RNase G 293 overexpression (6, 24, 27, 36, 37) . 294
Proposed mechanism for the role of the glycolytic pathway and TCA cycle in 295 RNase E essentiality. The results reported here indicate that the absence of RNase E in 296 E. coli made viable by a second-site Tn10 insertion mutation in deaD (26) results in 297 defective production of PPC, which links glycolysis with the TCA cycle [ Fig. 8 ; see also 298 (31)]. We conclude that a deficiency of this enzyme results in the inability of cells to use 299 glycolytic pathway carbon sources for the synthesis of amino acids generated by the TCA 300 cycle. Consequently, whereas rne deaD mutant cells failed to grow solely on glucose or 301 other glycolytic pathway intermediates, they formed colonies on minimal media 302 containing these sugars when the cellular connection between the glycolytic pathway and 303 TCA cycle was enhanced by adventitious overexpression of a cloned ppc gene or when 304 TCA cycle amino acids were added adventitiously. However, defective PPC synthesis is 305 not the only nutritional consequence of RNase E deficiency, as cells overexpressing PPC 306 remained unable to form colonies when supplied with certain sugars. Moreover, even the 307 combination of glucose and malate did not support CFA in ∆rne cells that lack an 308 additional mutation of deaD. Thus, RNase E essentiality is not attributable to a single 309 gene or pathway. 310
Whereas the model we have proposed explains the bulk of the findings we have 311 observed, some findings remain unexplained: 1) a Keio collection E. coli K-12 BW25113 312 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from
